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ABSTRACT
To evaluate the performance change of Photonic integrated circuits after real cosmic radiation, silicon MachZehnder Modulators were mounted on International Space Station on Low Earth Orbit for 6 months’ radiation
harshness. Measured data of the device before and after radiation showed the permanent change of the effective
index (around 10-3), the reduced carrier recombination lifetime, and the extended high speed bandwidth.
the RAM side (forward direction) of ISS for 6 months’
(about 180 million miles) radiation exposure on low
earth orbit (LEO) (Figure 1(a)(b)). Galactic Cosmic
Ray (GCR) Dose and South-Atlantic Anomaly (SAA)
Dose were recorded from the Radiation Dosimetry Data
on the ISS Figure 1(c). Before and after launching
(referring to pre and post flight in the text), device
performance, such as optical and opto-electronic
responses of the same device on a die were tested and
analyzed.

INTRODUCTION
Future free space optical communications (FSOC) are
on high demands for achieving high speed links
between ground stations, satellites, and International
Space Station (ISS). Nowadays, silicon photonics
(SiPh) technology is fast developing and used in optical
communications for its low cost, high yield, and high
speed advantages. It may play an important role in
future laser satellite communications. However, the
robustness of silicon photonics circuits under real
cosmic environment is unknown. Previous studies were
all conducted in lab environment. Radiation effects
from lab works revealed that it could affect material
properties and device performance. Specially, different
kinds of radiation may cause ionized radiation and
displacement damage to device [1-5]. In real cosmic
environment, the radiation effects may be complicated
and are contributed from different kinds of rays (alpha,
gamma) and ions. There hasn’t been a study to show
how the device performance could change after
radiation in real cosmic environment. And no research
results are conducted on high speed performance for
radiation effects. Performance reliability of silicon
devices under real cosmic environment needs to be
evaluated for deploying Photonic Integrated Circuits
(PICs) for future spaceborne applications.
In our work, we provided our foundry fabricated PIC
chip containing silicon Mach-Zehnder Modulator
(MZM) for real radiation test. The chip was mounted on
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V curve, the dark current increased after radiation.
Based on the fitting I-V equation (equation 1) to the
measured I-V data, parameters such as series resistance,
ideality factor, Reverse saturation current are extracted
(see in Table 2). After radiation, ideality factor
increases, and Reverse saturation current doubles. This
also indicated that the carrier recombination lifetime in
silicon decreased 50% as the reverse saturation current
is inversely proportional to the carrier recombination
lifetime (Table 2).

Figure 1: Schematics of mounted Silicon MZM chip
on the RAM side of ISS. Optical images of silicon
MZMs and doping profile schematics. Recorded
dosage data of Galactic Cosmic Ray (GCR) Dose
and South-Atlantic Anomaly (SAA) Dose varying
the time.
EXPERIMENTAL RESULTS
Optical transmission spectra
The MZM has two arms with a 42 μm length
difference. Doping densities of P and N regions are
designed as 6e17 cm-3, heavily doped regions P++ and
N++ are designed as 1e20 cm-3 to have the ohmic
contact (Fig. 1(c)) [6]. Effective p-n junction length is
about 5 mm. Measured optical spectra for the same
device before and after radiation can be seen from
Figure 2. After flight, the spectrum has Extinction Ratio
(ER) reduction about 13 dB, and spectra has red shift.
Both the change of ER and spectrum shift are attributed
to real and imaginary effective index change on the
order of 10-3. Extracted real and imaginary effective
index change can be seen from Table 1.

The I-V curve equation to extract parameters:
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where I0 = Reverse saturation current; RS = series
resistance; n = ideality factor; and VT = thermal voltage.

Figure 3: Capacitance voltage curve for the pre and
post flight samples.
Figure 2: Silicon MZM mounted on the RAM side
of ISS for experiencing 6 months of cosmic
radiation.
Table 1: Extracted parameters change after flight
based on optical transmission spectra.
Parameters
change

After
radiation

Δn (*10-3)

2

Δk (*10-3)

1.5

ΔER (dB)

-13

Electrical measurements
Electrical characterizations (capacitance voltage and
current voltage) were also conducted to compare the pre
and post flight samples. Capacitance (at 0V) increased
about 10% (from 1.79 to 1.92 pF) after flight. For the I-
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Figure 4: I-V curve of the pre and post flight
samples.
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inversely proportional to RC constant and carrier
recombination lifetime. As the carrier recombination
lifetime drops half after radiation, this factor dominates
extension of the modulation bandwidth.

Table 1: Measured and extracted electrical
parameters of pn junction for pre and post flight
samples.
Parameters

Pre flight

Post flight

Rs (ohm)

7.6

5.6

SUMMARY AND CONCLUSION

Capacitance (pF) (0V)

1.79

1.92

RC constant (ps)

13.6

10.75

Ideality factor

1.39

1.43

Reverse saturation
current (pA)

0.11

0.21

Recombination lifetime
(a.u.)

1

50%

To summarize, we carried out measurements of silicon
Mach-Zehnder Modulators for the pre and post flight
samples after real cosmic radiation. Optical, electrical,
EO and RF response were measured and compared.
Measured results show optical spectrum shifts and
Extinction Ratio reduction which comes from effective
index changes around 10-3. Reduction in carrier
recombination lifetime leads to modulation bandwidth
extension. Most of devices can work normally without
obvious degradation. Our work explored the
fundamental study for future deploying silicon photonic
devices and PICs for laser communications in space.
This research may pave the way of next generation
Small Satellite Laser Communication systems.

EO response
The EO (Electro-optical) response under different
reverse bias for the pre and post flight samples can be
seen in Figure 6. After radiation, at each reverse bias,
there’s slight spectrum shift, while the ER drops
significantly due to the change of imaginary part of
effective index.

Figure 7: High speed response of modulated first
sidebands for the pre and post flight samples.
Figure 6: EO response under reverse bias for the
pre and post flight samples.
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High speed response
High speed response of modulator was carried out by
using optical spectrum analyzer to measure the first
sideband response. A Vector Network Analyzer (VNA)
was connected to GSG pads of the device as the RF
source. RF probe with 50-ohm terminator was applied
on the another GSG pads to reduce reflection.
Modulated first sidebands were collected and
compared. After radiation, the sample has higher first
sideband intensities as the RF frequency goes higher.
The 3dB bandwidth of the device nearly doubles after
radiation. We measured RC constant, and extracted
recombination lifetime of the same device before and
after radiation (Table 2). The 3 dB bandwidth is
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